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Bicarbonate transport in collecting duct segments during
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Bicarbonate transport in collecting duct segments during chloride-
depletion alkalosis. Renal correction of chloride-depletion alkalosis
(CDA) by chloride replacement results in bicarbonate secretion in the
cortical collecting duct (CD) and urinary bicarbonate excretion. To assess
the participation of the more distal segments of the CD, we determined
net total CO2 transport in the outer medullary (OMCD), initial (IMCDi)
and terminal (IMCDt) inner medullary CD segments obtained from
Sprague-Dawley rats with normal acid-base balance (NML) or with CDA
produced by peritoneal dialysis. Tubules were bathed and perfused with
isotonic solutions containing Cl 110 mat and HCO3 25 m. Net total CO2
transport was decreased in all segments: OMCD 22.1 4.2 to 9.2 2.0;
IMCDi 38.1 4.6 to 9.3 1.7; IMCDt 6.7 1.2 to -0.5 0.4
pmol/min/mm tubule length. Perfusion rates, tubule lengths, and transepi-
thelial voltages did not differ between groups in any segment. These data
show that all CD segments beyond the cortical segment decrease bicar-
bonate reabsorption during CDA. This permits the bicarbonate secreted
by the cortical CD to be excreted, and is likely an important mechanism
for the correction of CDA.
Correction of chloride-depletion alkalosis (CDA) by adminis-
tration of chloride occurs by the urinary excretion of bicarbonate
and the continued conservation of chloride until the chloride
deficit is corrected [1, 2]. CDA is defined as metabolic alkalosis
completely corrected by chloride replacement by a renal mecha-
nism without correction of any co-existent potassium deficit [3]. In
a rat model of acute selective CDA produced by peritoneal
dialysis, we have localized this renal response primarily to the
collecting duct; urinary bicarbonate excretion increases with chlo-
ride infusion while bicarbonate delivery to the cortical collecting
duct (CCD) is unchanged [4]. Subsequently, we have shown that
CCD obtained from rats with CDA and perfused in vitro secrete
bicarbonate [5] as has been shown for bicarbonate-loaded rabbits
and rats [6— 8].
The participation of the more distal segments of the collecting
duct in the renal response to CDA has not been examined. To
determine the response of the individual segments of the collect-
ing duct and to provide a foundation for the development of a
model of the integrated response of the collecting duct to CDA,
we obtained outer medullary (OMCD), initial (IMCDi) and
terminal (IMCDt) inner meduliary collecting duct segments from
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rats with CDA induced, as before, by peritoneal dialysis [9] and
from rats with normal acid-base balance, and compared net
transepithelial bicarbonate fluxes in these segments.
Methods
Male Sprague-Dawley rats (Zivic-Miller, Zenienople, PA,
USA), which weighed 60 to 125 g, received standard rat chow
(Ralston Purina Co., St. Louis, MO, USA) and drank tap water ad
libirum before all studies. On the day of study, rats were weighed
and anesthetized with an intraperitoneal injection of sodium
pentobarbital (65 mg/mi), 0.06 ml/100 mg/kg body weight. Fol-
lowing anesthesia, animals were placed on a heated table to
maintain body temperature. Warmed dialysate (15 ml/100 g body
wt) was infused into the peritoneal cavity through an 16-gauge
catheter. CDA was produced with a dialysate composed of (in
mM): Nat 150; K, 4; HC03, 154; and glucose, 15 g/liter.
Control (NML) rats were dialyzed against a Ringers-HCO3
dialysate (in mM): Na 146; K 4; C1 100; HCO3 25; acetate
25; and giucose 5.3; some controi rats were not dialyzed but were
studied contemporaneously. After 30 minutes, the diaiysate was
removed and the animals were allowed to equilibrate for 15
minutes and then sacrificed by aortic exsanguination [9]. Arterial
blood was analyzed for pH, PCO2 and bicarbonate.
Tubules were dissected without collagenase in a 110 mM
chloride buffer solution described below and then held between
the perfusion and collecting pipettes. The OMCD was clearly
distinguished from the CCD at the corticomedullary junction by
the absence of glomeruli and delineation from tan to red colora-
tion under the stereomicroscope. The inner-outer medullary
junction similarly was distinguished by changes in coloration from
reddish in outer medulla to white in the inner medulla [10].
Within the inner medulla, the upper 25 to 30% of length was
designated as the IMCDi, and the remaining two-thirds as the
IMCDt; the final one-third was used for this study. In both the
OMCD and IMCDi intercalated cells could be readily seen with
differential interference contrast microscopy. The perfusion of the
medullary segments did not differ from that of the CCD except
that the holding and perfusion pipettes were slightly smaller in
diameter (32 im with a 16 rm constriction for the holding pipette
vs. 36 pm and 18 Lm for the CCD, and 8 rm for the perfusion
pipette vs. 10 to 12 j.tm for the CCD). After a 20-minute
equilibration period at 37°C, tubules were perfused and bathed
with 110 mat Cl and 25 mat HCO3, and bicarbonate flux
measurements were performed on samples of the collectate.
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Group NML CDA
Arterial pH U
Plasma total CO2 meqlliter
7.35 0.01 (14)*
27.4 0.4 (14)
7.53 0.02 (22)'
43.1 0.6 (2l)l
PaCO2 mm Hg 48.4 1.7 (14) 50.5 1.8 (21)
Solutions
The composition of the solution used for dissecting and the
perfusion studies was as follows (mM): Na 151, K 5, gluconate
15, Mg2 1.2, Ca2 2.0, Cl 110, HC03 25, HPO42 2.5, SO42
1.2, glucose 5.6, L-alanine 6.0, citrate 1.0, lactate 2.0. The bath pH
(pH 7.40 to 7.45) and PCO2 (32 to 38 mm Hg) were maintained.
The net flux of total CO2 (tCO2) across the tubule epithelium
was calculated as:
JtCO2 = (C0V0 — C1V1)/L
where JtCO2 is the flux of tCO2 (pmol/min/mm tubule length), C0
is the concentration of tCO2 in the perfusion fluid (pmol/nl), C1 is
the tCO2 concentration (pmol/nl) in the collected fluid, V0 is the
perfusion rate (ni/mm), V1 is the collection rate (nl/min) and L is
the length of the tubule (mm). We have previously observed that,
in the absence of transepithelial osmolality gradients or arginine
vasopressin, fluid transport in the rat cortical collecting duct is
negligible using these buffers [5]. This observation was confirmed
for all segments using 3H-inulin as a volume marker in random
experiments. Activity of 3H-methoxyinulin (New England Nu-
clear, Boston, MA, USA) in the collection fluid and bathing
solution was determined by liquid scintillation counting (Model
LS 7000 Tri-Carb liquid scintillation spectrometer; Beckman
Instruments, Arlington Heights, IL, USA). As a result, the tCO2
fluxes were calculated assuming that the perfusion rate is equal to
the collection rate.
Transepithelial voltage (Vte) was continuously recorded be-
tween Ag-AgC1 electrodes and an electrometer (Keithley Instru-
ments, Cleveland, OH, USA). Volume flow rate was determined
by direct measurement of timed collections. Total CO2 in nano-
liter samples was measured by microcalorimetry (Picapnotherm,
World Precision Instruments, Sarasota, FL, USA). Arterial and
bath samples were analyzed for pH and CO2 with an acid-base
analyzer (Radiometer America, Westlake, OH, USA).
Statistical significance was defined as P < 0.05. The Fisher test
was used to evaluate the statistical difference between mean
values. Value are represented as means SEM of at least two
points per individual tubule.
Results
Peritoneal dialysis produced marked alkalosis in the CDA rats
and normal acid-base conditions in the NML rats (Table 1).
In the OMCD, CDA decreased net tCO2 reabsorption by about
two-thirds: 22.1 4.2 (N = 4) to 9.2 2.0 (N = 7) pmol/min/mm
tubule length; P < 0.05 (Fig. 1). Perfusion rates (2.41 0.68 and
3.11 0.33 nI/mm; P = NS) and Vte (1.5 0.8 and 0.4 0.7 mV;P = NS) did not differ between groups NML and CDA. Mean
tubule length was 0.54 0.04 mm.
In the IMCDi, similar to the OMCD, CDA decreased net tCO2
reabsorption by about two-thirds: 38.1 14.6 (N 3) to 9.3 1.7
(N = 4) pmol/min/mm tubule length, P < 0.05 (Fig. 2). When
undialyzed NML rats were included, the result was unchanged
(29.9 5.0 (N = 8) to 9.3 1.7 (N = 4), P < 0.05); the acid-base
conditions of the NML rats were also unchanged (arterial pH 7.35
0.01 an plasma total CO2 27.4 0.4 mM; N = 18). Mean net
tCO2 reabsorption in NML rats (37.6 6.2) determined previ-
ously by us [11] was similar to that in the present study. Perfusion
rates (2.59 0.20 and 2.29 0.76 nl/min; P = NS) and Vte (—0.1
0.3 vs. —0.3 0.1 mV; P = NS) did not differ between groups
NML and CDA. Mean tubule length was 0.64 0.04 mm.
In the IMCDt, CDA decreased net tCO2 reabsorption to a
value not different from zero: 6.7 1.2 (N = 10) to —0.5 0.4(N = 12) pmol/min/mm tubule length; P < 0.05 (Fig. 3). Again,
perfusion rates (1.30 0.10 and 1,33 0.08 ni/mm; P = NS) and
Vte (0.1 0.4 and —0.3 0.1 mV; P = NS) did not differ between
groups NML and CDA. Mean tubule length was 0.84 0.05 mm.
Discussion
We have previously shown that CDA induces luminal chloride-
dependent secretion of bicarbonate in the CCD [5] in vitro, which
is dependent on prior in vivo chloride depletion [12] and persists
Table 1. Blood acid-base chemistries
* Number of observations
bp < 0.05
50-
40-
E
30
cI.
20-
0
10-
0—
22.1 4.2 9.2 2.0*
U
H
NML CDA
Fig. 1. In vitro net tCO2 transport in outer medullaiy collecting ducts from
NML and CDA rats,
38.1 14.6 9.3 1.7k
U60 -
E
50-
NML CDA
Fig. 2. In vitro net tCO2 transport in initial segments of inner medullaty
collecting ducts from NML and CDA rats.
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—0.5 0.4* would not increase bicarbonate reabsorption in these segments in
vivo. Consistent with an important role for chloride/bicarbonate
exchange in the CCD [151 in influencing net bicarbonate excretion
during chloride repletion in vivo, urinary chloride remains low
until plasma chloride in repleted and bicarbonate excretion is
equivalent to the retained chloride [1, 5].
Immunocytochemical studies support these functional data.
Verlander and her colleagues used antibodies against the 70 kD
subunit of bovine brain H-ATPase and immunogold labeling of
electron micrographic sections to show that H-ATPase in type A
intercalated cells of the CCD and OMCD was withdrawn from the
apical plasma membrane and stored in apical cytoplasmic vesicles
during CDA [14]. These observations suggest that luminal proton
secretion in these segments is decreased in CDA, which is in
support of the findings of the present study for the OMCD. Type
B intercalated cells in the CCD appear active with increased
basolateral membrane infolding [14], and likely are the cells that
secrete bicarbonate in vitro under standard conditions of buffers
with normal electrolyte composition and pH [5].
During the maintenance phase of CDA, the CCD appears
"poised to secrete" bicarbonate, but a decreased delivery of
chloride in the tubule fluid may prevent the CCD from initiating
bicarbonate secretion. This concept is also consistent with the
ultrastructural changes that demonstrate that H-ATPase, which
is localized near the basolateral membrane of type B intercalated
cells during maintenance, becomes inserted into the basolateral
membrane during chloride infusion in vivo [16]. The in vivo events
responsible for the movement of these transporters remain un-
known.
In metabolic alkalosis, secretion of bicarbonate in exchange for
chloride has been shown in vivo by microperfusion studies of the
late distal convoluted tubule in rats [17, 181 receiving an infusion
containing chloride. During studies of metabolic alkalosis using
stationary droplet technique, Ullrich and Papavassiliou showed
decreased bicarbonate reabsorption in the papillary CD [19];
microcatheterization studies showed similar results [20]. As a
result of the infusion of chloride, change from the maintenance
phase of CDA with continuing renal conservation of both chloride
and bicarbonate to the recovery phase with conservation of
chloride but excretion of bicarbonate likely depends on an
increase in luminal chloride within the CCD. We observed an
increase in delivery of chloride to the collecting duct in mi-
cropuncture studies although the change was not statistically
significant [1]. Nevertheless, that increase was adequate to ac-
count for the increase in net bicarbonate secretion in the CCD by
chloride/bicarbonate exchange. It is also possible that chloride
secretion occurs into the lumen after chloride infusion [21, 22].
Whether these mechanisms, which have been observed in differ-
ent models of metabolic alkalosis, are operative in this model and
in these segments is uncertain. Clearly, the exact mechanism(s)
determining the local and systemic [12] factors responsible for
initiating chloride/bicarbonate exchange in these segments will
require extensive further study.
These current findings do elucidate the important role for the
collecting duct segments in the maintenance and correction of
CDA. Bicarbonate secretion in exchange for chloride in the CCD
together with inhibition of bicarbonate reabsorption in the CCD
and in the more distal segments of the collecting duct can explain
an integrated response by the collecting duct to correct CDA.
20 -
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Fig. 3. In vitro net tCO2 transport in terminal segments of inner medullaiy
collecting ducts from NML and CDA rats.
despite in vitro repletion of cytosol chloride in the intercalated cell
of the CCD [13]. Our prior studies also suggested that CDA
eliminated or reduced type A intercalated cell-mediated reab-
sorption of bicarbonate in the CCD; morphologic involution of
type A intercalated cells supported this hypothesis [14].
The present data show that CDA also decreases the reabsorp-
tion of bicarbonate in the segments of the collecting duct distal to
the cortical segment: OMCD, IMCDi and IMCDt. This serves to
diminish the distal reabsorption of the bicarbonate secreted by the
CCD and promote its urinary excretion. Taken together, the
integrated effect of transport characteristics of the several seg-
ments of the collecting duct is consistent with the correction phase
of CDA in which bicarbonaturia occurs in response to chloride
administration rather than with the maintenance phase in which
both chloride and bicarbonate are conserved [4]. Our previous
calculations [5] suggested that the magnitude of in vivo bicarbon-
ate excretion during correction could be accounted for by the
CCD secretion rates provided that more distal bicarbonate reab-
sorption in the collecting duct was inhibited, as now shown by
these present studies.
Tubules from all segments were studied from 60 minutes to 220
minutes after dissection and warming. Because previous studies
have shown that sodium and potassium balances after peritoneal
dialysis do not differ and tubules are harvested 15 minutes after
dialysis [3, 9], differences in sodium and potassium balance are not
likely to explain any differences in in vitro bicarbonate transport.
When net bicarbonate transport is plotted against time since
dissection no correlation is shown, suggesting that net bicarbonate
transport in these segments are not progressively altered by the in
vitro environment. This agrees with our earlier observations in the
CCD [5, 12]. We have shown that in vivo but not in vitro
maneuvers determine the magnitude and direction of net bicar-
bonate transport in the CCD [12].
We did not replicate in vivo conditions in terms of plasma and
tubule fluid chloride and bicarbonate concentrations under either
condition. Thus, the magnitude of net bicarbonate transport in
these segments in vivo remains uncertain. In this regard, however,
plasma bicarbonate concentration per Se, which is higher in CDA,
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